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Comets, comet-like objects and their fragments are the most plausible source for the dust in both the inner heliosphere and planetary debris discs around other stars. The smallest size of dust particles in debris discs is not known and recent observational results suggest that the size distribution of the dust extends down to sizes of a few nanometres or a few tens of nanometres. In the Solar System, electric field measurements from spacecraft observe events that are explained with high-velocity impacts of nanometresized dust. In some planetary debris discs an observed mid-to near-infrared emission supposedly results from hot dust located in the vicinity of the star. And the observed emission is characteristic of dust of sizes a few tens of nanometres. Rosetta observations, on the other hand, provide little information on the presence of nanodust near comet 67P/ChuryumovGerasimenko. This article describes why this is not in contradiction to the observations of nanodust in the heliosphere and in planetary debris discs. The direct ejection of nanodust from the nucleus of the comet would not contribute significantly to the observed nanodust fluxes. We discuss a scenario that nanodust forms in the interplanetary dust cloud through the high-velocity collision process in the interplanetary medium for which the production rates are highest near the Sun. Likewise, fragmentation by collisions occurs near the star in planetary debris discs. The collisional fragmentation process in the inner
Introduction
Comets are one of the major sources of the Solar System's interplanetary dust cloud. This Solar System debris disc is observed with in situ measurements from spacecraft and in the Zodiacal light. Astronomical observations describe the dust spatial distribution and basic optical properties [1] in the size interval from several hundreds of nanometres to several tens of micrometres. Smaller dust is observed in situ from spacecraft and also contains a component of interstellar dust that streams into the Solar System (see, for example, [2] ). The interplanetary dust cloud has the highest number density in the inner heliosphere, near the ecliptic within about 3 AU from the Sun. The Solar System dust originates primarily from asteroids and comets and estimates vary between more than 70% from asteroids and 75% from comets [3] . A plausible source of dust inside 1 AU is the comets, their fragments and the dust particles that are generated by dust-dust collisions. Since dust fluxes increase towards the Sun, collision rates are high and dust production rates are also high there [4, 5] . Basic considerations suggest that if fragments of about 10 nm and smaller form, then they can be carried with the solar wind [6] . This hypothesized nanodust can reach a speed of the order of the solar wind speed [7] . Events that are explained by impacts of fast nanodust onto spacecraft were discovered with STEREO, and can be measured with electric antennas at 1 AU [8] . Cassini detected impacts at larger distances from the Sun. However, the question remains of how nanometre-sized fragments form in the collision process [3] . The evolution of the interplanetary dust cloud may serve as an example for the evolution of planetary debris discs [9] . This paper describes some recent findings on nanodust in the inner heliosphere and in planetary debris discs, addresses the question of what we can derive from the Rosetta results on the existence of nanometre-sized cometary dust and discusses why Rosetta provides only a few direct observational results on nanodust. Perspectives are shown to study nanodust in the future and to observe nanodust with upcoming space missions.
In situ measurements
Dust with sizes smaller than approximately micrometres is typically observed with in situ measurements; for instance, the Ulysses dust instrument that explored the Solar System dust cloud during two solar cycles covered the sizes from a few tens of nanometres to a few micrometres [2, 10] . Dust particles are also observed with electric field measurements because the impact process generates transient plasma cloudlets that influence, for example, the measured spacecraft potential. The STEREO plasma wave instrument discovered nanodust with sizes of presumably a few nanometres near 1 AU and this detection was possible because the impact speeds are high and therefore the nanodust impacts generate comparatively large signals [8] . A number of detailed studies were carried out related to the STEREO observations of nanometresized and larger dust near 1 AU [11] [12] [13] [14] [15] [16] [17] . The detection process was described and studied in detail [18] , but there are still some open questions. In fact, it is intriguing that, in spite of large time variations in the observed fluxes, the average fluxes fit well to an extrapolation of the empirical interplanetary dust flux model [19] to smaller sizes (figure 1). For Cassini, although an analysis of the plasma wave data during the Cassini cruise towards Jupiter was made only during parts of the orbit to avoid possibly incurring instrumental effects, it still provided data on nanodust fluxes at different distances from the Sun. The observed fluxes were found to be consistent with the assumption that the majority of the nanodust originates from the vicinity of the Sun and then is accelerated in the solar wind [20] . 
Nanodust in the heliosphere near the Sun
The interplanetary dust cloud develops through mutual dust collisions and sub-micrometresized fragments are typically in unbound orbits. Collision rates and dust production rates per volume in space increase towards the Sun and sub-micrometre collision fragments are ejected by radiation pressure, or electromagnetic force or a combination of both. The surface-chargeto-mass ratio of the dust increases with decreasing dust size so that dust particles of a few nanometres ('nanodust') are strongly influenced by electromagnetic forces. They are deflected in the solar wind in a way that is similar to the pick-up of heavy ions and they finally reach solar wind speed [7, 21] . Calculations of nanodust trajectories near the Sun [7] also showed that the nanodust-under certain conditions-is trapped within approximately 0.2-0.3 AU for some time before it is deflected outwards. In a simple picture, based on the guiding centre approximation, this can be described as the sliding of dust particles (represented by the guiding centre) along the rotating solar magnetic field line. In this simplified view (figure 2) the sliding along the field line is determined by the combination of the magnetic mirror force, the solar gravity and a term in the equation of motion acting as a centrifugal force [21] . The trapping ends when the nanodust sublimates close to the Sun or when it is ejected outwards because the centrifugal force term becomes predominant. Trapping only occurs under certain initial orbital conditions and trapping conditions depend on a number of different parameters so that it is plausible that the outward nanodust flux varies in time [7, 21] . The dust flux can also vary due to other effects, such as the influence of the solar magnetic field structure [22] . However, it has not so far been possible to determine what is the major cause of observed time variations and to trace the nanodust flux back to its source [12, [20] [21] [22] . Models so far have been based on the assumption that this nanodust is produced by mutual collisions in the interplanetary dust cloud [7, 8, [12] [13] [14] 21, 22] . The most plausible source of dust in the inner heliosphere inside 1 AU is comets and their fragments.
Hot debris discs: nanodust in the vicinity of a star
Dust in the inner heliosphere bears a similarity to the inner circumstellar debris discs (see [23] , 'hot debris discs'). The debris dust discs are produced from planetesimals in a similar way to asteroids and comets produce the interplanetary dust. The relatively 'cool' dust in the discs produces thermal emission that is observed in the mid-infrared because at this spectral range the dust emission exceeds the stellar brightness. The 'cool dust' is located at several 10-100 AU from the stars and in a region that is comparable to the Solar System's Kuiper belt. The debris discs are produced by planetesimals and dust-dust collisions. Since debris discs possibly contain planets, knowing debris discs and their dynamics is important for understanding in general the extrasolar planetary systems [24] . Some of the debris discs also display mid-and near-infrared emissions that point to the existence of warm dust that is located closer to the star [24] [25] [26] [27] . Dust is ejected outwards from the star by radiation pressure force. The ejected dust stirs the collisional evolution in the debris disc at larger distances from the stars [24, 28] . Hence, understanding this inner dust component is important for understanding the system as a whole. The inner debris disc brightness also needs to be characterized when planning future imaging observations of extrasolar Earthlike planets [24] . In their recent study Absil et al. [24] identified 11 debris discs around main sequence stars that have a near-infrared excess 'probably associated with hot circumstellar dust'. Attempts to explain that a sufficient number of dust particles is kept so close to the star in spite of the ejection by radiation pressure include the braking due to a gas component [27] or trapping due to electromagnetic forces [25] , similar to the trapping of nanodust near the Sun. A pile-up zone [29] similar to models of dust rings near the Sun [30] was also considered. The pile-up results from the dust sublimation near the Sun and the size dependence of Poynting-Robertson drag. But the increase in dust number density that is caused by this process is small and limited to a narrow region [5] . Some observational results support the hypothesis that the inner warm dust component is made up of nanodust. Nanodust has a characteristic emission spectrum (see [31, 32] ) and characteristic small particle effects are seen in some of the observed emission spectra. The Fomalhaut inner debris disc brightness, for instance, can be described by a dust model that includes 10 nm to 0.5 µm sized dust at ≈ 0.1-0.3 AU from the star [27] . A nanodust emission model can also explain the observations at Vega (figure 3). The observed spectral characteristics make the nanodust a good candidate for explaining the observations. A plausible source of the nanodust is comet-like objects and their fragments and this raises the question of whether there is evidence for nanodust in the vicinity of comets or for nanodust being formed from fragmentation of cometary dust. 
Evidence for nanodust from comets
Before in situ measurements discovered nanodust in the vicinity of planets and in the interplanetary medium some detections were reported from the space missions to 1P/Halley. Three spacecraft crossed the path of the comet with relative velocity 78 km s −1 for Vega 1 and 2 and 70 km s −1 for Giotto and at flyby distances 8890 km for Vega 1, 8030 km for Vega 2 and 596 km for Giotto. The dust impact ionization instruments onboard detected a large number of unexpected signals, presumably caused by impacts of dust with masses of the order 10 −21 kg [33] . This nanodust ranges over large distances up to 730 000 km and constitutes up to 6% of the mass loss that is derived from the dust data. This nanodust possibly forms at some distance from the nucleus by fragmentation of larger particles [34] . Some dust measurements with Stardust at 81/P Wild also point to fragmentation of larger dust taking place in the comet [35] . Observations with other instruments of 1P/Halley and of C/1996 B2 Hiyakutake at distances of several thousands of kilometres and beyond were explained by dust fragmentation, or some combination of fragmentation and sublimation [36] [37] [38] . A new result related to nanodust near comets comes from an analysis of X-ray observations [39] , which leads the authors to the conclusion that in addition to scattering and fluorescence from gas also large dust and nanodust contribute to the X-ray brightness. As discussed in a study of possible nanodust production from the nucleus of 67P/Churyumov-Gerasimenko [40] the Rosetta dust instruments are not able to detect nanodust, but there is a possibility that other instruments detect the impacts of fast nanodust. Because of the small relative velocity between Rosetta and the comet, dust impacts can only be observed if the dust is sufficiently accelerated.
Several authors considered the dynamics of nanometre-sized dust near the comet in order to estimate its acceleration. Assuming the nanodust is directly released from the nucleus when its activity is low, the calculations show that it is immediately charged and accelerated [40] . This motivated the suggestion that nanodust can be observed with particle detectors onboard Rosetta. Considering that nanodust possibly forms from fragmentation of larger dust in the coma, another test particle simulation [41] considered charged dust outside the region where gas drag is important. The particles are launched at 150 km with three different initial velocities (50, 300 and 700 m s −1 ) and trajectories are calculated outwards to 10 000 km around the nucleus, beyond which typical solar wind conditions prevail. A quasi-neutral hybrid model of the comet interacting with the solar wind [42] 
is efficient only in the small size limit. Another study of the dust dynamics applying gas-drag acceleration near the comet, as well as radiation pressure and a solar wind-induced electric field, suggests the formation of dust plumes that intermittently sweep over the Rosetta spacecraft and that can be observed with the Ion and Electron Sensor RPC/IES [43] .
Indeed, Burch et al. [44] report that RPC/IES detects negative particles at energies from about 100 eV q −1 to more than 18 keV q −1 and interpret these observations as clusters of molecules with diameters less than 100 nm; the particles reach Rosetta from two different approximate directions: from the comet and from the direction of the Sun. Hence, alternatively one could speculate that impacts from the Sun's direction, as opposed to being from nanodust, come from minor solar wind constituents, as, for example, negative oxygen ions have energy around 10 keV. Aside from directly observing nanodust, information on the composition and structure of larger dust can be helpful for estimating its fragmentation that possibly generates nanodust. Several Rosetta instruments are designed to collect dust for direct analysis onboard. Scales of spatial resolution are, however, of the order of 100 nm and larger. Bentley et al. [45] report from analysing dust particles with the onboard atomic force microscope instrument MIDAS that the particles are aggregates of smaller, elongated grains and presume that they were formed in slow dust growth through hierarchical agglomeration. MIDAS results show that the particles are from a few tens of micrometres in size down to hundreds of nanometres and often have fractal structure with approximately micrometre-sized subunits [46] . The particles have different morphological structures and some of them are very fragile [47] . Most of the dust particles that were measured with the secondary ion mass analyser COSIMA originate from the disruption of large (more than 1 mm) aggregates [48] . Fray et al. [49] report from the COSIMA observations that the dust contains solid (insoluble) organic matter in very large macromolecular compounds. Also, the GAIDA instrument is designed for measuring large dust, but has recorded some fragmentation events, presumably due to electrostatic forces that fragment aggregates [50] . One can also speculate that fragmentation occurred less often than during the encounters at 1P/Halley, because observations with Rosetta are at a large distance from the Sun and fragmentation by sublimation of some of the dust compounds is less likely. As in a study based on Zodiacal polarization observations, Lasue et al. [51] , for example, suggest that solid carbonaceous compounds in cometary dust progressively disappear within 1.5 and 0.5 AU.
Future studies and space measurements
Considering cometary dust in order to estimate dust properties in the inner Solar System dust cloud is reasonable. The most recent studies quantify the contribution from cometary dust to respectively 90% [52] and 60-80% [53] . It is not clear at this time whether the ongoing analyses of the Rosetta measurements will provide any further evidence for the existence of nanodust in the vicinity of the comet. Even if the direct formation of nanodust near the nucleus is not likely to be a major source of the nanodust observed in the heliosphere, an observation would help to better understand the formation process of the nanodust, since this can possibly differ from the formation of larger fragments. Based on spectral observations of NASA's Lunar Atmosphere and Dust Environment Explorer (LADEE) mission, Wooden et al. [54] find nanoparticles in the Moon's exosphere that have sizes smaller than 20-30 nm; their amount is variable and exceeds estimations provided by models describing impact-generated ejecta. Cosmic ray impacts also erode the surfaces of atmosphere-less Solar System bodies and it was suggested they produce nanodust, e.g. near the nucleus of 1P/Halley [55] . A similar process could also occur during impact of cosmic rays onto larger dust because the generated fragments are of similar size to the tunnels they form in the dust material.
To understand what size of fragments the cometary dust generates it is helpful to find whether there is any evidence for nanometre-sized compounds or substructures in the measured dust compositions and structures. To better understand whether fragmentation can be (instead of being caused by collisions) caused by sublimation of some of the dust compounds it would be helpful to consider whether observations indicate that large cometary fragments contain volatiles or compounds that would sublimate at temperatures of a few hundred kelvin in the inner heliosphere. Another important parameter for understanding nanodust fragmentation from the larger dust is structure and material strength of the cometary dust; hopefully, further analysis of the Rosetta results will provide some knowledge on that. The velocities of mutual collisions in the interplanetary dust cloud are between about 20 km s −1 and a few hundred km s −1 , of same order as in the interstellar medium (see [56] ). Entry of cometary meteoroids into the Earth's atmosphere is another example of dust collisions for which we obtain observational data. The impact speeds are several tens of kilometres per second, the material originates from comets and the fragments that remain in the atmosphere have sizes of a few nanometres (see, for example, [3] for further references). To study the meteor phenomena and the meteoric smoke production is therefore another way forward to understanding the formation of nanodust with impacts and collisions.
As far as new observational data on nanodust fluxes are concerned, two upcoming space missions will explore for the first time in detail the inner heliosphere with in situ measurements. They both carry instruments for field measurements that are expected to also detect signals caused by dust impacts: the Radio and Plasma Waves (RPW) experiment onboard ESA's Solar Orbiter and the Fields Experiment on NASA's Solar Probe Plus mission. Solar Orbiter will make observations in elliptic orbits, coming as close as approximately 60 solar radii (approx. 0.285 AU) to the Sun. The aphelia lie outside 0.8 AU and the maximum ecliptic latitudes around 25°. The nominal mission time is 7 years and after that Solar Orbiter will move to even higher latitudes. Solar Probe Plus moves in elliptic orbits closer to the Sun, inwards to approximately 10 solar radii (see [57] ). These two space missions with different and complementary orbits provide the opportunity to study in detail the inner heliosphere from Earth's orbit to the vicinity of the Sun. At present the mass range of dust particles that can be detected with RPW and FIELDS is not determined. The mass range depends, among other things, on how the dust impact signals can be distinguished from plasma wave features. The previous dust measurements with antennas cover a broad range of masses. Different observation modes of STEREO cover the mass ranges 10 −22 to 10 −20 kg and 10 −17 to 10 −15 kg [13] . The largest dust mass detected with antennas in the interplanetary medium is 10 −14 kg and was observed with Voyager [58] .
